The microstructures of slurry Si-modified aluminide coatings on Ni-base superalloy In-738LC have been investigated using SEM, TEM, EDS and XRD. The corrosion performance of the coatings has been also investigated by hot corrosion and cyclic oxidation tests. In order to evaluate the hot corrosion performance, the anodic polarization curves were measured in Na 2 SO 4 -25 mol%NaVO 3 -5 mol%NaCl at 1053 K. The cyclic oxidation test was carried out by exposure to alternate conditions of air atmosphere at 1373 K and room temperature. The analyses of SEM, EDS and XRD were also used to characterize attack morphologies of the coatings exposed to the test conditions. The results showed that the heat-treated slurry Si-modified aluminide coating was composed of β-NiAl phase including fine precipitates, which were found to be complex silicides. The results of hot corrosion tests indicated that at least 10-13 mass%Si in the coating layer is needed to improve the corrosion resistance of the aluminide coating. The coatings that met this criterion also showed a good cyclic oxidation resistance.
Introduction
Nickel and Cobalt-base superalloys are often used in gas turbine components because of the high strength required for long-term services at elevated temperatures of turbine operation. However, they must be coated for metal temperature above 1173 K to have good oxidation and hot corrosion resistances.
1) Thus, it should be considered that the long-term performance of turbines depends upon protective coating, so that the superalloy components without such coatings are rapidly destroyed in the turbine hot section environments.
Aluminide coatings have been applied to gas turbine vane and blade airfoils since approximately 1970. 2) In spite of the development of new coatings like MCrAlYs, more than 80% of coatings applied to the first-stage-blade-airfoils are aluminide coatings.
3) In addition to low cost and simplicity of application, other important parameter which has kept aluminide coatings as the most desirable in the gas turbine engine industry is their improved corrosion resistance when used as modified forms with some elements such as Pt, Cr, and Si. Therefore, understanding of the influence of the modifier elements on the coating structure and properties leads to an increase in their application capacities. In the past two decades, many research works were inclined to the Cr-and Pt-aluminide coatings [4] [5] [6] [7] [8] [9] and there is less publication regarding Si-modified aluminide coatings. [10] [11] [12] This paper presents laboratory experimental results on the effect of silicon on the structure evolution and high temperature corrosion behavior of slurry aluminide coatings on the Ni-base superalloy In-738LC. The emphasis has been placed upon clarifying the microstructure and formation process of Si-modified aluminide coatings as well as role of silicon on the low temperature hot corrosion and cyclic oxidation resistances. * Graduate Student, Teheran University, Iran.
Experimental Procedure

Materials and specimens
The cast Ni-base superalloy In-738LC was used as the substrate material. The chemical composition of the superalloy is given in Table 1 . The specimens were prepared in spherical shape and their edges were rounded. Before the coating application, the specimens were polished with emery papers up to #800, cleaned in acetone, then immersed in a solution of 5.7 M H 2 SO 4 , 6.2 M HNO 3 and 0.1 M NaCl for 15 s at 298 K, rinsed with distilled water, and finally washed in 2 vol%NH 4 solution.
Coating application process
Slurry silicoaluminizing process was utilized to form the Si-modified aluminide coatings. In this process, a masscontrolled layer of the slurry, which consisted of Al and Si powders, polyvinyl acetate resin and methanol, was applied on the sample surface through dipping method. Three different powders in Al/Si molar ratio, Al-10 mass%Si, Al-12 mass%Si and Al-20 mass%Si, were employed to change the Si content of aluminide coatings. The Al-10 mass%Si and −20 mass%Si powders were mixtures of pure Al and Si powders, while the Al-12 mass%Si powders were prepared from eutectic alloy of Al-12 mass%Si. The coated samples with the slurry were heated to 1173 or 1273 K for 2 h. The post heat treatment was carried out at 1343 K for 1 h.
A plain aluminide coating was applied through high tem- Other useful descriptions of the all samples used in this work are presented in Table 2 . Al-Si(L), Al-Si(M) and AlSi(H) in column of "coating code" in Table 2 express aluminide coatings prepared from slurry of Al-10 mass%Si, Al-12 mass%Si and Al-20 mass%Si powders, respectively.
Hot corrosion test
The evaluation of low temperature hot corrosion resistance of the coatings was performed by anodic polarization measurements using a three-electrode cell arrangement in Na 2 SO 4 -25 mol%NaVO 3 -5 mol%NaCl melt. A silversilver sulfate electrode was used as the reference electrode, which was composed of a pure Ag wire dipped into a 10 mol%Ag 2 SO 4 -90 mol%Na 2 SO 4 reference melt in a oneend closed mullite tube. All experiments were carried out at 1053 K in laboratory air. The anodic polarization started after the corrosion potential reached a steady state value (10-15 min after immersion). The potential was swept at a constant rate of 0.001 V/s from the corrosion potential to +1.00 V vs. Ag/Ag 2 SO 4 (10 mol%) electrode.
Cyclic oxidation test
The cyclic oxidation behavior of the uncoated, plain and Si-modified aluminide coated superalloy In-738LC was evaluated through cyclic exposure at 1373 K in the stagnant air. Each cycle consisted of heating in the air at 1373 K for 1 h and cooling at room temperature for about 15 min. The specimens were weighed intermittently for monitoring their mass change during the cyclic oxidation. Meanwhile, after certain number of oxidation cycle, the oxidation products on the samples were characterized by XRD.
Metallographic examinations
Metallographic studies using optical, scanning and transmission electron microcopies equipped with EDS system were utilized as complementary method to characterize the Si-modified aluminide coatings and to recognize the probable effects of Si on the high temperature properties of aluminide coatings. The thin film sample for TEM observations was prepared using ion milling method. 
Results and Discussion
Microstructural characterizations
In order to exemplify the effect of silicon on the microstructure of aluminide coatings, the cross sectional morphology of Al-Si(H) coating applied on superalloy In-738LC at 1273 K is shown in Fig. 1 . The coating is divided into three zones: P-zone where a large number of fine particles precipitate, Azone where a few precipitates are present and I-zone where the substrate and coating constituents diffuse to each other. The microstructures of Al-Si(L) and Al-Si(M) coatings applied at 1273 K also showed the similar zones, but the volume fraction of the precipitates was less than that for Al-Si(H) coating. On the other hand, for all the coatings applied at the lower temperature of 1173 K, the A-zone and distinct interdiffusion zone (I-zone) were not observed. The EDS results showed that the chemical composition of the A-zone was almost the same for the all coatings, which consisted of Ni (47-50 mass%) and Al (34-37 mass%) as major elements and very few amounts of Si (1-2 mass%) and Cr (5-6 mass%) with a trace amount of the refractory elements. The concentrations of major coating elements in the top (P T ) and middle (P M ) of the P-zone are presented in Table 3 . They were measured at several points in each zone using SEM-EDS and the obtained concentration ranges are shown in Table 3 . It was found that the Si content in the coatings increases by in- Table 3 The concentration range (in mass%) of major elements in the P Tand P M -zones of the Al-Si(L), Al-Si(M), and Al-Si(H) coatings heat treated at 1343 K. creasing the amount of Si in slurry and that Si content in the top zone (P T ) was approximately double of that in the middle zone (P M ). For example, Si contents in the top zone (P T ) were 3-4 mass% for Al-Si(L), 6-8 mass% for Al-Si(M) and 12-13 mass% for Al-Si(H). The XRD and EDS techniques were used to identify the coating constituents. The XRD spectra of Al-Si(H) coating before and after the post heat treatment are compared in Fig. 2 . Al-Si(L) and Al-Si(M) coatings showed relatively similar spectra. It was found from the XRD results that major phases in the as-coated layer are β-NiAl and δ-Ni 2 Al 3 , and that the δ-Ni 2 Al 3 phase completely transforms to the more desirable phase (i.e. β-NiAl) as a consequence of the outward diffusion of nickel during the post heat treatment. Therefore, the matrix of the heat-treated coating consists of β-NiAl phase only. The presence of δ-Ni 2 Al 3 by the side of β-NiAl in the as-coated layer implies the inward diffusion of aluminum from the slurry in conjunction with the outward diffusion of nickel from the substrate during the coating application process. However, the appearance of substrate carbides (large particles in the Fig. 1 ) in the coating supports the inward diffusion of the slurry constituents into the substrate as the predominant evolution mode of the present coating.
Since no peaks for the fine precipitates of the coating were observed in the XRD spectrum, TEM-EDS analysis was utilized for getting some information on their compositional nature. Figure 3 shows the results of TEM-EDS analysis for both the matrix and fine precipitates of Al-Si(H) coating. It can be seen that the amounts of Si and refractory elements such as Cr, Ti and Mo for the fine precipitates are higher than those for the matrix. This confirms that fine precipitates are silicides because the above-mentioned refractory elements are strong silicide formers. It can be summarized that both aluminum and silicon react with nickel and refractory elements (chromium, mostly) during the coating process to form nickel aluminide phases as the coating matrix and fine chromium silicides particles doped with Ti, and Mo. The large particles in Fig. 1 were found to be carbide, which was surrounded with silicide precipitates. Figure 4(b) indicates the SEM-EDS results for the substrate carbide and its surrounding layer that were shown in Fig. 4(a) . Regarding the results, it can be concluded that MC carbide (M is Ti and/or Ta) was surrounded with a layer of chromium silicide during coating process. The probable reaction for the formation of such layers at the carbide/coating matrix interface is as follows;
Indeed, silicon from the slurry and chromium from the substrate zone close to the carbide particle move toward the carbide surface and are involved in the above reaction.
Hot corrosion performance
In order to recognize the effect of silicon on the hot corrosion performance of the slurry Si-modified aluminide coatings, three types of Al-Si(L), Al-Si(M), and Al-Si(H) coatings (refer Table 2 ) were evaluated using the anodic polarization technique. The Si contents in the topcoat layers of Al-Si(L), Al-Si(M) and Al-Si(H) were 4, 8 and 13 mass% at maximum, respectively, as shown in Table 3 . The obtained current density vs potential curves of the coated samples are shown in Fig. 5 , together with the curve of the uncoated sample. The anodic current of Al-Si(H) coating was found to be considerably smaller in the whole potential region than the other three samples. In the previous study, 13) the anodic current of Al-Si(H) coated In-738LC has been measured in Na 2 SO 4 -20 mass%NaCl melt at 1023 K. AlSi(H) coating showed a passive behavior (passive current: less than 1 Am −2 ) in the sulfate/chloride melt, while uncoated In-738LC of Cr 2 O 3 former severely dissolved into the melt. Based on the results of the previous study (sulfate/chloride) and this study (sulfate/vanadate/chloride), the improvement of corrosion resistance of In-738LC having Al-Si(H) coating is attributed to the formation of continues layers of SiO 2 . From the comparison of the anodic polarization curves in Fig. 5 , it was found that at least 10 mass%Si is necessary to replace considerable amount of vulnerable Al 2 O 3 with the glassy and more resistant oxide of SiO 2 . The similar silicon content has been reported to improve the high temperature corrosion resistance of nickel-chromium alloy.
14)
The metallographic examinations confirmed the above results. Figure 6 shows cross sections of the three coated samples after anodic polarization tests. Al-Si(L) coating completely dissolved away into the melt, as shown in Fig. 6(a) , and the underlying alloy was exposed and directly reacted with the melt. In contrast, the coating thickness of Al-Si(M) (Fig. 6(b) ) and Al-Si(H) (Fig. 6(c) ) was reduced by about 40% and 10%, respectively. The difference in degradation of these coatings well agrees with difference in the anodic current at higher potential range (>0.5 V). This confirms that the obtained current was due to the dissolution of the coatings, not to oxidation of the molten salts.
Referring to the SEM-EDS results of the coatings before hot corrosion experiments (Table 3) , the topcoat layer of Al-Si(H) coating containing around 13 mass%Si meets the above-mentioned criterion. Therefore, the formation of oxide scale, mostly SiO 2 , decreases the rate of dissolution. However, further anodic polarization results in the corrosion attack front reaching to the inner layers of the coating where Si content is not sufficient to support the SiO 2 formation. Finally, severe dissolution takes place in the high potential region. On the other hand, Al-Si(L) coating containing around 4 mass% of Si in the topcoat zone can not meet the criterion even at very low potentials. As a consequence, dissolution actively takes place throughout the whole potential region employed. In addition, the silicide particles that act as silicon donors 10, 12) were distributed unevenly near the surface only for Al-Si(L) coating, while they were dispersed evenly up to 60% depth of the total coating thickness from the surface for Al-Si(M) coating. The presence of the silicide precipitates in the above-mentioned configuration in Al-Si(M) coating containing around 8 mass% of silicon in the topcoat zone supports the formation of considerable SiO 2 that is more stable than Al 2 O 3 in the acidic fluxing conditions under the anodic polarization conditions. The difference in the Si contents and silicides distribution between Al-Si(L) and Al-Si(M) despite the fact that same Si contents used in the slurries (refer Table 2 ) is probably owing to the different types of Si source used. If the mixture of Al and Si powders is employed like Al-Si(L) coating, they tend to migrate towards each other to form eutectic alloy composition and then split up to form the aluminide and silicide phases in the coating. Meanwhile, if the eutectic alloy powder is employed like Al-Si(M) coating, the Si is remained close to its original position in the coating and can more quickly combine with silicide formers, increasing the depth of the silicide-precipitation zone.
12)
Cyclic oxidation behavior
The high temperature oxidation behavior of three types coatings: plain aluminide, Al-Si(M), and Al-Si(H), as well as uncoated superalloy In-738LC, was evaluated through cyclic exposure to 1373 and 298 K up to 100 h. The obtained mass changes vs time curves are presented in Fig. 7 .
Uncoated superalloy In738LC
The cyclic oxidation behavior of the superalloy In-738LC at 1373 K was devided into two regions; I: rapid formation of oxide scale (0-10 h) and II: severe spalling of oxide scale (t > 10 h). For the chromia-forming alloys such as In-738LC, Cr 2 O 3 scales are susceptible to vaporization loss via CrO 3 at temperatures above 1273 K. As the oxidation progresses, the loss of Cr from sample surface leads to formation of Cr depletion layer below the oxide scales. Consequently, severe spalling commences when this depletion layer becomes sufficiently thick and Cr can no longer support the oxide formation. The sharp mass loss observed in the bare superalloy only after 10 cycles (see Fig. 7) indicates that the superalloy possesses poor resistance to cyclic oxidation at 1373 K. Therefore, the superalloy must be coated for using at temperature above 1273 K to have high temperature oxidation resistance.
Plain aluminide coating
In contrast to the uncoated superalloy, the mass change of the plain aluminide coated sample was composed of four regions: I: oxide formation, 0-20 h, II: temporary mass loss, 20-52 h, III: no-mass-change, 52-64 h, and IV: continuous mass loss, 64-100 h.
The changes in the coating and oxide phases were investigated using XRD to explain the cyclic oxidation behavior. The X-ray diffractograms of the plain aluminide coating at various exposure durations are showed in Fig. 8 . As expected, the primary phase in the HTLA plain aluminide coating was found to be β-NiAl. The XRD results indicated the formation of Al 2 O 3 during the first 20 h (Region-I, 10th cycle in Fig. 8) . Therefore, the observed continuous mass gain is owing to the oxygen uptake for selective oxidation of aluminum. Furthermore, there is no evidence for any phase transformation of the coating in Region-I. The XRD results, however, showed that the Region-II (25th cycle in Fig. 8 ) is accompanied with two phase changes. One is that the β-NiAl phase transforms to γ -Ni 3 Al phase, which is not adequate to oxidation. It should be mentioned that the peaks for γ -Ni 3 Al, NiO, and Al 2 O 3 phases around 43 degrees are not distinguishable. Another change is that the peaks for less protective NiO appear in the Region-II, together with initial Al 2 O 3 . Indeed, the selective oxidation of aluminum is no longer unique oxidation reaction after Region-II. These changes result from the well-known fact that the surface content of aluminum decreases with oxidation time as a result of both aluminum outward diffusion to form Al 2 O 3 and aluminum inward diffusion into the substrate. On the other hand, the apparent no-mass-change stage (Region-III, 52-64 h) appears as a balance between formation and spalling of Al 2 O 3 oxide. However, with increasing the thickness of Al-depletion layer, the spalling becomes predominant process after 64 cycles of oxidation (Region-IV). However, no severe spalling did not occur, compared with uncoated sample. In the XRD results shown in Fig. 8 , there is no evidence for the formation of any spinel-type oxides even after 100 h-exposure which was often observed in severe oxide spalling.
Si-modified aluminide coating
As can be seen in Fig. 7 , Al-Si(M) coating showed the similar cyclic oxidation behavior as the plain aluminide. Indeed, the four regions were also observed in the case of this coating. It appears, however, that the presence of silicon in the coating layer accelerated the rate of oxide scale formation (Region-I). On the other hand, the cyclic oxidation curve for Al-Si(H) coating indicates much shorter mass gain period (0-3 h, Region-I) due to initial oxidation and a longer nomass-change period (Region-III, 25-53 h). Though the rate of oxide formation increased with the silicon content, the acceleration mechanism is not yet clarified in this study. In this cyclic oxidation test, more interesting finding was the prolonged no-mass-change period (Region-III) of the Al-Si(H) coating, which was not observed in the cyclic oxidation of Al-Si(M) coating.
The X-ray diffractograms of both Al-Si(M) and Al-Si(H) coatings are shown in Fig. 9 . As can be seen in Fig. 9(a) , both Al 2 O 3 and SiO 2 were formed in the mass gain period (Region-I) for Al-Si(M) coating. The other phase changes were found to be similar to those took placed in the cyclic oxidation of the plain aluminide (refer Fig. 7 ). On the other hand, no change in the coating and oxide scale phases of Al-Si(H) coating were observed over the Regions-I through-III. However, formations of the NiO over the entire Region-IV and also γ -Ni 3 Al after long time exposure were observed (see Fig. 9 , 100 cycle). Therefore, it appears that high amount of silicon in Al-Si(H) coating can result in delaying the formation of such harmful phases. In addition, those Si-modified aluminide coating which contains high Si contents shows a remarkable no-mass-change period during cyclic oxidation at 1373 K.
Conclusions
(1) The microstructure of slurry Si-modified aluminide coatings formed on Ni-base superalloy In-738LC at 1173 and 1273 K consisted of β-NiAl and δ-Ni 2 Al 3 phases containing fine silicide precipitates (mostly chromium silicides). During the post heat treatment at 1343 K, the δ-Ni 2 Al 3 phase completely transformed to the more stable phase (i.e. β-NiAl) as a consequence of the outward diffusion of nickel.
(2) The volume fraction and distribution of silicide pre- cipitates, and thickness of the precipitate zone (P-zone) and the interdiffusion zone (I-zone) were dependant on the temperature of coating application and type of Si source used in the slurry. For instance, use of eutectic Al-12 mass%Si alloy powders thickened the silicide precipitate zone, compared to use of mixture of pure Al and Si powders. (3) It was found from electrochemical hot corrosion test at 1053 K and cyclic oxidation test 1373 K that at least 10-13 mass%Si in the coating layer is needed to improve considerably the performance due to continuous formation of SiO 2 film on the coating surface.
